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We present the results of a search for anomalous production of diphoton events with large
missing transverse energy in 202 & 12 pb™! of pp collisions at /s = 1.96 TeV using the Col-
lider Detector at Fermilab. We observe no events with an expected Standard Model background
of 0.27 +0.07(stat) £ 0.10(sys) events. The results are interpreted in terms of a gauge-mediated
supersymmetry-breaking scenario in which the branching ratio for ¥ — fyé ~ 100%. The results
exclude models with a )Zli mass less than 167 GeV/c?.
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I. INTRODUCTION

The standard model (SM) has been enormously successful, but is incomplete. For theoretical reasons [1, 2], and
because of the ‘eeyyJr’ candidate event recorded by the CDF Detector in Run I [3], there are compelling reasons to
search in high—energy proton anti-proton collisions for the production of heavy new particles that decay producing
the signature of yy+missing transverse energy (fr). Of particular theoretical interest are supersymmetric (SUSY)
models with gauge-mediated SUSY-breaking (GMSB), that are characterized by a SUSY-breaking scale A as low as
100 TeV [1]. In these models, a light gravitino, G, is the lightest SUSY particle, weakly interacting and stable, and the
lightest neutralino, Y9, decays through x9 — 7(?, with a branching ratio of nearly 100% if it is the next—to—lightest
SUSY particle (NLSP). Pair production and decay of SUSY particles will result in two x!’s, which cascade to a final
state of vy + Jir + X, where X represents any other particles.

In this paper we summarize a systematic search [4] for anomalous production of inclusive vy + fr + X events in
202412 pb~t [5] of pp collisions at /s = 1.96 TeV using the CDF II detector. We examine events with two isolated,
central (|n| < 1.0) photons with Ez > 13 GeV for the presence of anomalous Jr. This work updates a previous search
for SUSY in this channel from CDF [3] by using an improved detector, a larger dataset, and a reoptimized search

strategy, and is complementary to similar searches performed elsewhere [6].
The CDF detector is described in detail in [7].

II. DATA SAMPLE & EVENT SELECTION

We select candidate events using both online (during data taking) and offline selection requirements. Online,
events are selected for the presence of two photon candidates, identified by the three-level trigger as two isolated
electromagnetic clusters [8] with Ex > 12 GeV, or two electromagnetic clusters with Er > 18 GeV and no isolation
requirement.

The offline diphoton event selection requires two central (approximately 0.05 < |n| < 1.0) electromagnetic clusters
satisfying: a) Er > 13 GeV (where the 12 GeV trigger becomes > 99.7% efficient), b) not near the boundary in ¢
of a calorimeter tower [10]; c) the ratio of hadronic to electromagnetic energy, Had/EM, < 0.055 + 0.00045E7 (to
remove jets); d) no tracks, or only one track with pr < 1 GeV/c, extrapolating to the towers of the cluster, (to remove
electrons or jets); e) isolated in the calorimeter and tracking chamber [9] (to remove jets) f) a shower shape in the
CES consistent with a single photon (to remove 7% backgrounds); g) no other photon candidate within the same 15°
segment in ¢ of the CES (to remove 7° backgrounds); and h) |zyertex| < 60 ¢cm (to maintain the projective geometry
of the calorimeter).

To minimize the number of events with large fake Fr, we correct for jet energy loss in cracks between detector
components and for nonlinear calorimeter response [13]. To avoid cases where a jet is mis-measured by the calorimeter,
we remove events which have a jet with uncorrected Er > 10 GeV pointing within 10 degrees in azimuth of the Fr
direction, or the direction opposite to the Fy . To reduce beam-related or cosmic—ray backgrounds, we reject events
with significant energy out-of-time with the collision [11]. An event is also rejected if there are unattached hits in
the muon chamber within 30 degrees of the photon or if there is a pattern of energy in the calorimeter indicative of
beam-related backgrounds [12], but only in the case that the Jir is equal in magnitude and opposite in direction to
a photon, or to the vector sum of the momenta of two photons which are nearby in ¢ (a signature of a beam-related
background). After these cuts, and before the final fir > 45 GeV requirement, this diphoton candidate sample consists
of 3,306 events.

III. BACKGROUNDS

The dominant backgrounds are: QCD interactions with v, vj, and jj final states (where j represents a jet),
in which one or more jets “fakes” a photon and the Fp results from mismeasurement of the energy balance in the
detector; inclusive ‘e’ production, in which an electron from a W or Z decay fakes a photon and the Fy is either real
or fake; and events with energy from beam-related backgrounds or cosmic rays hitting the detector coincident with a
pp collision.

A. QCD Backgrounds

Virtually all of the events in the diphoton candidate sample are QCD interactions producing combinations of
photons and jets faking photons. Standard techniques [8] can be used to estimate the individual contributions to



be 47 + 6% vj, 29 + 4% 7, and 24 £ 4% jj production. To estimate the shape of the F distribution of this
background, we use a diphoton control sample of 7,806 events selected by requiring two clusters that pass most, but
not all, of the diphoton candidate sample requirements. Specifically, the control sample events must pass the same
photon E7, zZyertex, fiducial, A¢(Fyr-jet), beam-related and cosmic—ray background cuts, but satisfy the following
photon identification and isolation requirements: a) calorimeter isolation 50% looser than for the signal selection;
b) tracking isolation < 5 GeV/¢; ¢) Had/EM < 0.125; d) no tracks, or only one track with pr< 0.25 Ep/c. If an
event passes the signal region cuts, it is rejected from the control sample. We expect this sample, after a subtraction
of ey events which contain real Fir production, to have a similar calorimetric response and resolution to those of the
diphoton candidate sample. We observe there to be a small difference in the sum of all the energy in the event (X Er)
and since the Fir resolution is a function of the T Er, we correct the Fr in the control sample for this difference [14].
To predict the number of events with large Jir, we normalize the corrected control sample distribution to the number
of diphoton candidate events in the region Fr < 20 GeV, and fit with a double exponential to derive a prediction at
large Fr. We predict 0.01 £ 0.01(stat) & 0.01(sys) events with Fr > 45 GeV, where the uncertainty is dominated by
differences in the prediction using various control sample selection requirements, the choice of fit function, and the
statistical uncertainties of the sample.

B. ey Backgrounds

Events with real electrons (W+vy — evry, Zvy — eey) can contribute to the background when the electron track is
lost (by tracking inefficiency or bremsstrahlung of most of its energy) to create a fake photon and, for W decays,
real iy can come from the neutrinos. We begin to estimate this background by selecting ey events in the data. The
diphoton triggers do not reject electromagnetic clusters with tracks, so they are efficient for these events. We find 462
ey events. Secondly, examining a Z — ee sample, we estimate 1.0+ 0.4% of electrons will pass the diphoton candidate
sample requirements, including charged track rejection. Lastly, we multiply the number of the observed ey events by
the rate at which electrons will fake photons. From this source, we expect 0.14 £ 0.06(stat) = 0.05(sys) background
events in the sample with Fir> 45 GeV. The uncertainty is dominated by the statistical uncertainty in the fake rate
and the uncertainty in the purity of the ey sample

C. Non-Collision Backgrounds

Beam-related sources, cosmic rays and other non-—collision interactions can contribute to the background by pro-
ducing one or more spurious photon candidates and real Fy, if they overlap with a SM event. While the rate at which
these events contribute to the diphoton candidate sample is low, most contain large Jr. The dominant contribution
comes from sources which produce two spurious photons at once, such as a cosmic muon undergoing bremsstrahlung
twice. This background is estimated from the data using a sample of events with no primary collision and two elec-
tromagnetic clusters, multiplied by the rate at which clusters from cosmic rays pass the diphoton candidate sample
requirements. Backgrounds in which only one of the photons, or only the Jir, is from a non-collision source are
estimated to be very small. The total of number of events from non—collision sources in the fr > 45 GeV sample is
expected to be 0.12 £ 0.03(stat) + 0.09(sys). The uncertainty includes the uncertainty in the rate at which spurious
clusters pass diphoton candidate sample cuts and the statistics and purity of the sample with no primary collision.

IV. PRELIMINARY RESULTS

In Section III we discussed the dominant SM backgrounds to the diphoton sample and estimated the event counts
from each background source. We expect a total of 0.27+£0.07+0.10 events with Fr > 45 GeV. Table I summarizes the
backgrounds for four different F; requirements and compares with the observed numbers of events. Each is consistent
with the expectations from the background predictions within errors.

Pr Cut] QCD | ey | Non-Collision | Total [[Observed

25 GeV] 4.01757% £3.76 [1.40 £0.52 + 0.45[0.54 £ 0.06 + 0.42] 5.9575 75 +3.81 3
35 GeV] 0.307075 £0.22 [0.84 £0.32 +0.27[0.25 £ 0.04 + 0.19| 1.397037 +£0.40 2
45 GeV[0.01 £0.01 £ 0.01[0.14 £ 0.06 £ 0.05]0.12 £ 0.03 £ 0.09]0.27 & 0.07 = 0.10 0
55 GeV[0.00 £ 0.00 £ 0.000.05 & 0.03 £ 0.02]0.07 £ 0.02 & 0.05]0.12 = 0.04 £ 0.05 0

TABLE I: Number of observed and expected events from the background sources as a function of the Fr requirement. Here
QCD includes vv,vj and jj. The errors are statistical first then systematic.
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FIG. 1: he Pr spectrum for events with two isolated central photons with Er > 13 GeV and || < 1.1. The data is in good
agreement with the background predictions. There are no events above the fr > 45 GeV threshold.

Fig. 1 shows the Fr distribution for the diphoton sample with EJ. > 13 GeV along with the background predictions
from sum of QCD + fake Jir and ey production. Note that for completeness we have separated out the contribution
from the QCD diphoton production (using CES/CPR background subtraction) even though those numbers are not
used in the analysis. The data is in good agreement with the background predictions. There are no events above the
Fr > 45 GeV threshold.

V. MONTE CARLO SIMULATION OF SUSY

Since there is no evidence for events with anomalous Jr in our diphoton candidate sample, we set limits on new
particle production from GMSB using the parameters sugiested in Ref. [15], and requiring the x? to be the NLSP. In
this scenario, 7y + Fr event production is dominated by ;" X3 and )Zf X; production and decay. Only negligibly short
X} lifetimes are considered. To estimate the acceptance for this scenario we generate GMSB events using ISAJET [16]
with CTEQ5L parton distribution functions [17]. The production cross sections from ISAJET are corrected by a
K-factor of approximately 1.2 to match the next-to-leading order (NLO) prediction [20]. We process the events
through the GEANT-based [18] detector simulation, and correct the resulting efficiency with information from data
measurements, when possible.

By ignoring the electron’s track in Z — ee events, we can create a control sample of electromagnetic showers. We
estimate that an isolated photon hitting the fiducial portion of the detector has a 77% probability of passing the
identification and isolation criteria. However, since the isolation[9] of the photons is predicted from the Monte Carlo
to be a strong function of the mass of the SUSY scale, we find the signal efficiency to be 61%. For the fir> 45 GeV
requirement, the fraction of generated signal events that pass all cuts rises linearly from 3.5% at M)Zizloo GeV/c? to

1

approximately 8% at 180 GeV/c? and remains roughly flat for larger masses due to the inefficiency of the A¢(Fr — 5)
cuts offsetting the additional acceptance due to kinematic factors. The relative systematic uncertainty in the efficiency
of the photon identification and isolation requirements is &~ 6.5% per photon. Other significant uncertainties in the
Monte Carlo model predictions are from the initial/final state radiation (10%), Q* of the interaction (3%) and
uncertainty in parton distribution functions (*:%). Combining these numbers gives a total 18% relative systematic
uncertainty.



VI. OPTIMIZATION AND FINAL RESULTS

The cuts defining the final data sample were determined by a study to optimize the statistically-unbiased expected
limit, putting aside, the signal region data. To compute the expected 95% confidence level (C.L.) cross section
upper limit, we combined the predicted signal and background, an 18% systematic uncertainty, and a Bayesian limit
calculation with a flat prior into the the prescription of Ref. [19]. The expected limits were computed as a function
of Fr, photon Er, and A¢(Fr — j) cuts, and we found that the best limit is predicted with the selection described
above for the diphoton candidate sample, and Jr> 45 GeV. The statistical analysis indicates that the most probable
expected result would be an exclusion of M~i less than 161 GeV/c

In the data signal region, with Fp> 45 GeV we observe zero events and set the 95% C.L. upper limit of 3.3 signal
events. Figure 2 shows the observed cross section limits as a function of Mxi along with the theoretical LO and NLO
1

production cross sections. Using the NLO predictions we set a limit of Mf(i > 167 GeV/c2. From mass relations in
1

the model, we equivalently exclude M)ZO <93 GeV/c? and A < 69 TeV.
1
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FIG. 2: The 95% C.L. upper limits on the total production cross section times branching ratio versus M _+ and M)ZO for the
1

1
light gravitino scenario using the parameters proposed in Ref. [15]. The lines show the experimental limit and the LO and
NLO theoretically predicted cross sections. We set a limit of M)Zi > 167 GeV/c? at 95% C.L..

1

VII. CONCLUSIONS

In conclusion, we have searched 202 pb—! of inclusive diphoton events for anomalous production of missing transverse
energy as evidence of new physics. We find good agreement with standard model expectations and have interpreted
our results in terms of a GMSB scenario and excluded models with the lightest chargino masses less than 167 GeV/c?
at 95% C.L.
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